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removals were expected by all RO membranes. The test data confirmed the
expectations: the results from four membrane tests showed excellent removals
of greater than 98 percent. The conclusion is, therefore, that uranium is
extrenely well removed by RO treatment.
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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with
protecting the Nation's land, afr and water systems. Under a mandate of
national eanvirenmental laws, the agency strives to formulate and implement
actions leading to a compatible balance between human activities and the
abilicy of natural systems to support and nurture life. The Clean Water Act,
the Szfe Drinking Water Act, and the Toxic Substances Control Act are three
of the major cangressional laws tnat provide the framework for restoring and
maintafning the integrity ~f our Nation's water, for preserving and enhancing
the water we drink and for protecting the environment from toxic substances.
These laws direct the EPA to perform research to define our eavirommental
problems, measura the {mpacts and search for solutions.

The Water Engineerlng Research Laboratory is that component of EPA's
Research and Development program concerned with preventing, treating and
managing municipal and !ndustrial wastewater discharges; establishing prac-
tices to control and remove contaminants from drinking water and prevent
it's deterioration during storage and distribution; and assessiuyg the nature
aud controllability of relcases of toxic substances to the air, water and
land from manufacturing processes and subsequent uses. This publication is
one of the products of that cesearch and provides a vital communication link
between the researcher and the user community.

This report presents Information on the application of several reverse
osmosis membrane elements to remove inorganic contaminants from drinking
water. The data presented are helpful in solving small community problems in
mecting the inorganic drinking water regulations.

Francis T. Mayo, Director
Water Engineerfing Research Laboratory
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ABSTRACT

The purpose of this research project was to deteriine the removal of
inorganic contaminants from drinking water using several 'state-of-the—art’
reverse osmosis membrane elements. A small 3785 L/d (1000 gpd) reverse os-
mosis system was utilized and five different membrane elements were studied
individually with the specific inorganfie¢ contaminants added to several nat-
ural Florida ground waters. Testing of each contaminant was conducted rfor a
period of 1 - 13 days during which both operational and chemical data were
collected.

This report presents the results of the tests for the removal capabil-
ities of various reverse osmosis membrane elements for the following inorgan-
ic contaminants: fluoride, cadmium, mercury, chromiun (IIL and VI,, arsenic
(ILI and V), selenium (IV and V1), nitrate, aitrite, lead, uranfua, radium,
molybdenum and copper. Removal data were also collected on naturally occurr-
ing subsc.ances, i.2. total hardness, chlorides, total dissolved solids and in
some cases sodium and calcium.

Reverse osmosls membrane elements selected for the study were as follows:

l. Toray SC 3100

2. Filmtec BW30-4021

3. Dow low pressure 5K

4, Dupont B-9 Model 0440-042

5. Hydranautics P/N 4040 LSY-1¥Cl

This report was submitted in fulfillment of Cooperative Agreement
CR-807358 by the Charlotte Harbor Water Assocliation, Inc. under the sponsor-
ship of the U.S. Environmental Protection Agency. This report covers the
period March 1980 to March 1985 and the work was completed as of April 1985.
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SECTION 1

INTRODUCTION

Reverse osmosis (RO) is a relatfvely new water treatment process; it has
been applied successfully for desalting brackish water for domestic use for
less than two decades. RO systems typicae'ly operate at 5520 kPa (800 psig)
for sea water applications (35,000 mg/L Total Dissolved sSulids (TDS)) and at
2760 kPa (400 psig) for brackish w~ater applications with TUS ranging from
1,000 to 15,000 n~/L.

During the late 1970'S, progress was made in sembrane technology wherein
advancements aot only occurred with the traditional 2760 kPa (400 psig), 90
percent TbS rejecting membranes, but even more significantly with the reduced
pressure membranes that require approximately 1880 kPa (200 psig) to achieve
high TDS rejection in excess of 90 percent. These membranes also operate ia
a wider range of feed water pH and thus are capable of increasing applications.
The nmajor advantage, however, is the greatly reduced energzy requnirements and
therefore significantly lower operating costs,

RO is effective for the removal of wmost dissolved solids; specific
removal in most cases is dependent upon the weight, size, and valence of the
ionic specie. Extensive studies have been r~onducted to ascertain the efficacy
of RO to reject the common water constituents such as sodium, chloride, sul-
fate, TDS, calclum, etc., however, very limited experimentatioan has been per-
formed to evaluate the effective'ess of RO to remove from drinking water many
of the heavy metals and other incrganic contaminants listed in the National
Interim Primary Drinking Water Regulations (NIPDWR) (l1). The investigations
have generally consisted of laboratory studies and most results have not been
verified on either a pilot plant or full scale level (2-5).

The objective of this research project was to determine the rejection of
the inorganic contaminants listed in the NIPDWR using gseveral state-of-the-art
RO membrane elements. Limited tests were also conducted with several contanm—
inants also being considered for regulation in the future. Because of various
problems assoclated with the specific chemistry of the raw water, some of the
contauinants were not investigated. This project was a cnatinuatlon of a
similar project that was reported by Huxstep (6).

This final report describes the RO test system and components, experi-
mental procedures, and results of tests with fluoride, anitrate, arsenfc (IIIL
& V), selenium (IV & VI), chromium (IIl & V1), cadmium, mercury, lead, uran—
jum, radfum, molybdenum, copper and nitrite.



SECTION 2

CONCLUSIONS

The primary objective of this study was the development of reverse
osmosls treatment data on drinking water coataminants regulated by the USEPA
using several state-of-the-art RO mambranes. Using spiked Florida ground
waters, five RO membranes were used in the study with individual tests last~
ing from one to 13 days. Operatinz conditions for each membrane varfed
according to the manufacturer's operating specifications. Although the five
RO nembranes were operated under different conditions (pressure, recovery
rate), rejections of the natural substances measural in the test waters and
th2 spiked contamirants wera generally in ggreement for all membranes.

Cons{dering the test data from all four membranes as a whole, the contam—

inants (natural and spiked) can be grouped according to removal capability as
follows:

Highl y removed (above 95 percenc) - As+5, Ca, Cd, Cr+3, Cr+6, Cu,
Pb, Mo, Na, Ra, Se+4, Se+o, U,
hardness, TDS

Moderately removed (85 - 94 percent) - F, C17, NDy, NO,
Poorly removed (below 85 percent) - As+3, Hg(I)

Wide varfation in removals occur with four contaminants: As+3, Hg, F,
and NO3. Because nltrite tests were limited to a two day test with one
membrane, no general conclusion oan variability for nitrite removal can be made.
The varfation in removals of these contaminants occurred among membranes aund
within each membrane test. The reason for the variation is concluded to be
the chemistry of the contaminants and water matrix, membrane material, and
test conditions. In the case of meicury, analytical procedures may also have
contributed to the vaciation in results.



SECTION 3

REVERSE OSMOSIS PILOT PLANT SYSTEM

SYSTEM COMEONENTS

The reverse osmosis pilot plant svstem was housed in the Charlotte Harbor
Water Association, Inc. (CHUA) water treatment plant facilities located in
Harbour Heights, Florida. The system consisted uf a 19 m3/d (5 kgpd) reverse
osmosis module with a high pressure pump, a 378.5 L (100 gal) stainless steel
tank with a Jow pressure pump which acted as a feedwater source, pretreatment
in the form of 5 micrometer filtering, a cooling unit for temperature stabil-
ization, and a disposal line through which spent water was directed to a dis-
posal pond. The RO module and feed warer tank occupied an area of approxi-
mately 5.4 wd (58 sq ft).

After extensive consideration of the primary iatent of this project, the
system was altered from a staadard flow cunfiguration with no recirculation
to a continuous recirculation mode of osperation by raturning both permeate and
conceatrate to the feedwater holding taak. Because considerable heat was
generated by this system design, a heat exchange unit was imstalled. This
systen, shown in Figure 1, is similar to that defined by the ASTM "Standard
Test Method for Operating Characteristics of Reverse Osmosis Devices.” (7)

The RO test system was obtained from a previous U.S. EPA research project
aod refurbished by Basic Technologies, Inc., Riviera Beach, Florida.

Reverse Osmosis Test Unit

The RO test system was a 19 m (Skzgpd) high pressure 2780 kPa (400 psig)
unit with a single fiberglass reinforced plastic pressure vessel into which a
single 4 inch membrane element could be loaded. Three of the membrane ele-
ments tested were provided by the mamufacturer already contained within a
pressure vessel ready for operation. The actual permeate capacity of this
system was dependent upon several factors, the most obvious being the speci-
fic membrane element being tested and the recovery (permeate to feedwater
racio) at which the element was beinz operated.

Feedwater Chemistry

Initially, the test water used was the same raw water used by CHWA
having a TDS of 1900-2000 mg/L. However, after having experienced several
problems caused by the relatively high sul fate content (550 mg/L) of this
well water, the decision was made to switch to CHWA finished potahle water
wherein the sulfate concentration was considerably lower (€0 mg/L). A typi-
cal chemical analysis of the CHWA fiaished water is presented in Table I,

3



Table 1. TYPICAL CHEMICAL ANALYSIS OF FEEDWATER (CHWA POTABLE WATER)

Parameter

A]kallnity(as CaC03)....-...-...........-.........- 16 mg/L
Calclumecescsvnnennnesasssosccrsanccssccensesnsonsnss 33 mgIL
Chlorideseerssancsnsecscosscssansnassssnrtinsancesnss 200 mg/L
Conductivity(as mg/L NaCl)iuiceeneeosocosocsncsnses 470  mg/L
FluoTid@seaesssasansssarssosscnasnssasanesncasncossse 0.3 mg/L
Hagnesium.............-.-....-..........-.......... 23 mg/L
POLasSSiUMesecoenenasassettestssosnsosoncsonssdnocsnns 3.9 mg/L
S1)iCONatsastn-eecencessososttoncsesensscsstnaoscsse 2.6 mg/L
SLrONLiUMecsveacocassoovecsssonosasonsssnsnasoseses 7ol mg/L
LYY Y g . [ I T 74
Total Hardness(as CaCl3)esscssccsscenssasssccnnesss 185 mg/L
Total Sllica(SiOZ)......................-.....u... 5.7 mg/l.

The raw water for the CHWA water is drawn from the upper Hawthorn aqui-
fer located approximately 1.5 miles norcheast of the CHWA treatment facili-
ties and pretreated with sodium hexametaphosphate and sulfuric acid before
entering three two-stage reverse osmosis units, The RO product water is
blended with raw water, degasified, chlorinataed and stabilized wath soda ash
before distribution. At this point, the test water was drawn for the research
project. CHWA finished water was used in almost all cases except for the
radfua and uranium tests. The test water for the radlun experiments was CHWA
raw water containing natural radium. Well water containing naturally occurr-
iog uranium was obtained for the uranium tests from a small community in
southern Florida.

Feedwater Pretreatment

As shown in Figure 1, the pilot plant test system utilized a recircula—
tion flow pattern with permeate and concentrate flows blended together and
returned to the feedwater holding tank. As a result of this, the water
required an initial pH adjustment to conform to the operating specifications
of the particular membrane element being tested. The proper pH was accom
plished by the adding of small amounts of sulfuric acid. Frequently, however,
the target pH was exceeded and soda ash was added in order to compensate.
Throughout the testing period, the pH tended to drift upwsrd and consequently
very small dosages of sulfuric acid were added to maintaiu the pH goal. Due
to the low concentrations of the natural chemical constituents the use of a
sequestering agent was not necessary because the solubility products were not
exceeded,

Exceptions to the above procedures occurred with two natural waters,
containing uranium ad radium. The CHWA water containing radium was pumped
directly into the feed water holding tank via a tap in the CHWA influent
piping and then, in order to remove hydrogen sulfide, was degasified through
vigorous recirculation which bypassed the RO module. The well water with



natural uraaium was collected in a 378.5 L (100 gal) plaszic storage tank and
transferred to the feedwater nholding tank. Both of the waters were then sub~
jected to acid pretreatment for pH adjustment.

Initially, the feedwater was filtered through a S micr.meter cartridge,
upflow filtration unft. Upon spiking the water with mercury, a rapid decline
in feed concentration occurred which was thought to be caused by an adsorp-
tion of the mercury on the filter cartridges. The filter cartridges were
removed from their housing after which time the feedwater concentrations of
mercury were considerably more stable. Use of the fllters was then discoa—
tinued for the remaining test period.

Contaminant Addition

Spiking of the test water wich the test contaminants was achieved by
welghing out an amount of source material based upon the desired feedwater
concentration, mixing it in distilled water and adding the solution to the
feedwater holding tank. Mixing was accomplished by direct recirculation
of the test water for 30-45 minutes usingz the RO feed punp (by passing the RO
module),

Monitoring Instrumentation

Process and control instrumentation consisted of continuous monitoring
of feedwater pH, product flow, concentrate flow, feedwater pressure, product
water pressure, and conceantrate pressure (Figure 1}.

Sampling Ports

Three sampling locations were utilized: one port each for feed, product
and concentrate waters (Figure 1),
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Figure 1. Flow diagram of CHWA 19m /day reverse osmosis research units.



SECTION &

PILOT PLANT EXPERIMENTS AND DATA COLLECTION

SYSTEM OPERATION

Inftially, the test water was spiked with one conraminant and the system
was operated continuously for 6 to 8 hours per day during the regular 5 day
work week. Because this schedule required an inordinate amount of time to
complete a full series of tests with all the fnorganic contaminants, the
decision was made to combine 2 or 3 contaninants and to shorten the run time
to permit 3 to 4 test runs daily. Thus, the time required to study a single
membrane element was significantly reduced. Each test ran approximately 2.5
hours with continuous cooling of the feedwater. Usually, one hour elapsed
between test runs although this time varied according to ambient conditions.
After each contaninant group test run, the feedwater holding tank was
emptied. Vigorous flushing with fresh water of both the holding tank and
the RO module ensued. This water was then pumped to waste and the flushing
procedure repeated two more times to ensure complete removal of the coatami-
nants.

Each membrane element was run according to the manufacturer's specifica-
tions for the testing of that particular cembrane element. This, the
product water flow rates, feedwater pressures and the specific recoveries
differed between membrane elements.

SYSTEM PERFORMANCE DATA

The operation of the RO pilot system was monitored by direct and contin-
uous measurenent of feedwater pH and product water and concentrate flows,
Pressure guages Iinstalled on the feed water, product water and concentrate
streams were reference! on an hourly basis during each test run. Performance
data were collected immediately prior to test water sample collection. Due
to feed water temperature fluctuations, the desired system recovery tended
to drift and therefore very frequent fine-tuning of the feed and concentrate
flows was necessary.

WATER SAMPLE COLLECTION

Test water samples consistad of feedwater, product water and concentrate;
all three were collected at each sampling in the order of product water, concen-
trate and then feedwater so as not to disturb the system recovery by lowering
the feedwater pressure prior to product water and concentrate samplinge.



The amount of water sample collected varied according to the analyses to
be performed but was generally around one liter. This one liter sample was
then split to provide for both in-house analytical work and those analytical
procedures conducted by Environmental Quality Laboratory or the U.S. Environ-
mental Protection Agency. EQL provided wide mouth 250 ml polyethylene bottles
for their water samples and all samples were preserved utilizing the proce-
dures recanmended by the USEPA (6).

CHEMICAL ANALYSES

Routine in-house chemical analyses were petformed immediately following
sample collection and consisted of pH (Corning pH meter 125), TDS (by con—
ductivity, MyromL meter), total hardness (EDTA titrimetric method) and
chlorides (argentometric method).

Analyses of the spiked inorganic contaminants, e.g. fluoride, nitrate,
arsenic, selenium, cadoium, mercury, chromium and lead, were conducted by EQL
and or by the USEPA, using USEPA approved procedures (8). Radium, uranium,
molybdenum, copper and nitrite nitrogen determinations were exclusively
conducted by the USEPA. A list of analyses and analytical methods is shown in
Table 2.

QUALITY CONTROL

Both EQL and U.S. EPA analytical laboratories followed standard labora-
tory QC procedures in conducting analyses of water samples. Quality control
samples were run with unknown samples and each laboratory participated in the
U.S. EPA performance evaluation studies twice per year.

TEST SCHEDULE

At the beginning, only one contaminant was investigated at a time. This
proved too lengthy considering the time available and therefore, the decision
was made to test 2 or 3 contaminants concurrently. This arrangement is de-
tailed in Table 3.

Testing of each contaminant or contaminant group was generally conducted
for a time to permit the collection of 12 or more samples per test run. Oc-
casionally a test was repeated to verify unrealistic or inconsistent data par-
ticularly in the case of mercury where analytical results were quite varied.
During the last study with the Hydranautics membrane, several short term tests
were added. These tests provided limited data of only 4 - 8 samples.

MEMBRANE ELEMENT OPERATING SPECLFICATIONS

As a general rule the manufacturer's operating specifications were ad-
hered to quite strictly. As a result of this, some variations exist in oper-
ating parameters between the membrane elemeuts tested; a listing of operating
specifications for each element is shown i{n Tables 4 to 8.



TABLE 2. LIST OF CHEMICAL ANALYSES AND ANALYTICAL METHODS

Laboratory* Parameter Anaiytical method

CHWA ceveovoovsees osPHececenecessseesesssCorning pH meter 125
CHWA:cosoescncsaeesTDSeacscssssscsasceaa.Myron L TDS meter (conductivity)
CHWAt o eoosesesessssTotal hafdness..-.-o-Tltfimetfic, EDTA

CHWAs ceecovsesseassChlorideccescceecssesArgentonetric

EQLessococessssssssFluoridesscceseeseses Potentiometric, fon selective
electrode
EQLeesoocccsnsseseoNitratecsscceseeceseeColorimetric, automated cadmium
reduction
EQLeceescvoceeossscArseniCecesesecssese-AA, graphite furnace
EQLesseoccssssescoeSeleniumecesoseeesescAA, graphite furnace
EQLevesecceccscssescCadniumesesvecscesessAA, flame photometric
EQLeciececcacosesc e MOICUIYoseossaeeseessAA, manual cold vapor technique
EQLessecsseorssscseChromlumscesseaecseessAA, graphite furnace
EQlecseoccscocsscselllddecssovseescsceasssAA, graphite furnace

EPA WERLisevsosesosFluoridesccceceseee..Technicon-Alizarin fluorine blue
EPA WERLesecocosooeATS€NICesceereesseessd, graphite furnace
EPA WERL..........sSelenfumeccccceecs...AA, graphite furnace
EPA WERL:¢eseesssecCadmiumeseeosssesesssAA, graphite furnace
0.2 wg/L: AA, flame photometric
EPA WERLieosseessoeMETCUIYesseeesseesessAA, manual cold vapor technique
EPA WERL. . covsoeseohromjudeceeceveeesssAh, graphite furnace
>0.2 mg/L: AA, flame photometric
EPA WERL.iveooosseveleadesecesocroenasessAA, graphite furnace
EPA WERLeeosossesseeUraniumeceeeseseecsssclaser induced fluorometry, EPA
Mechod 908.2
EPA WERL.-.........Radium......-.-......Radon em-.aation technique, EPA
Method ,03.1
EPA WERL..ceseesso-Holybdenumeoeseneo...AA, graphite furnace
EPA WERL.sessoeseeeCOpPPETaasesssseseesssAA, frame photometric
EPA WERL:coseooscsoNitriteiceesseeeseesColorinmetric, automated cadmium

reduction
® CHWA : On-site laboratory at Charlotte Harbor Water Association
Reverse Osmosis Water Treatment Plant
EQL : Envirommental Quality Laboratory, Port Charlotte, Florida
EPA WERL : United States Environmental Protection Agency, Water

Engineering Research Laboratory, Cincinnati, Ohio



TABLE 3. CONTAMINANT QROUPS

Feedwater
Concentration
Group Contaminant (mg/L) Source
1 Fluoride 8-12 sodium fluoride
2 Arsenic(+3) 1-2 sodium arsenite
Selenium(+4) 1.5-3 sodium selenite
3 Arsenic(+5) 1.5-3 sodium arsenate
Selenium(+6) 1.5-3 sodium selenate
Chromium(+6) 1.5-3 sodiun dichromate
4 Lead 1-2 lead nitrate
Nitrate(as X) 15-25 sodium nitrate
5 Cadmium 3-4 cadmium chloride
Mercury 0.6 mercuric chloride
Chroniumn(+3) 3-4 chroaic chloride
6 Uranjum natural nat ural
7 Radium natural ne tural
8 Molybdenua 3-5 molybdenum trioxide
9 Copper 3-5 copper sulfate
10 Nitrice(as N) 3-5 sodium nitrite
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TABLE 4. TORAY SC 3100 TECHNICAL SPECIFICATIONS

.

Membrane typecscecesssescssncsconsssssescsssmodified cellulose acetate
Membrane conflguration.....-...............-....-.........splral wound
Maximum feedwater PresBUl €essevesossssassaonrnssenssnscsssssess000 paig
Standard feedwater PreSBUT@icecacasssscsssnssossssasssescsransdlB psig
PH FanNZe@.cecsososssssersacsseasacnsscasnaansssannnansssnsesscncld = 7.5
Maximum feedwater LemperatuUre...eceesavessconssssosocssssessssassbl® C
Standard feedwater CemperatUr@cessvseesvesvosrsnvonasessnsrsennssealdd C
Maximum chloride concentrationecssessccssosesssssrsssasssassenssel ppm
Maximum feed flow Tatesvesoseneoosesessssssssscsssssesossencecniled Bpm
Maximum recovery.-..c....-.........-..-.-..-....-...............-.-251

TABLE 5. FILMTEC BW 304021 TECHNICAL SPECIFICATIONS
Membrane Cypeecccccccssssocsssccossscssccnssasscsncessscssnon—cellulosic
Hembtane Conflgutation......-o..-.-.......-.-..........o-.spiral wound
Maximum operating pressure......-.......-.--.-.-...-........;.200 psig
Recommended initial operating pressurecsccssessesssesssl60 -~ 180 psig*
Maximum recommended feed flow rate per elementeevesscscneassssaned gZpm
Maximum pressure drop per elementessesceccronenssarsosrsscessnead p310
Maximum feedwater turbidlty...o......-..--..................»....l ntu
Maximum feedwater temperature.-...................--.............50° C
Recommended feedwater pH Cange..icseseesnnssccrsssscsscscssonassh — 10
Antitelescoping deviceisciecesscesooarcssssecacessssctnanded to element
Dry weight.--...........-..-................--......-‘...........4 lbs
Nominal diameler.eeesveesvecessarsonsvcasosssvsenssnsssassssrssvesd LN

%2 This assumes a feedwater temperature of less than 30° C,
The recommended operating pressure for temperatures of 30° C to
SU° C will be approximately 10 - 20 psig lower.

TABLE 6. DOW RO-5K TECHNICAL SPECIFICATIONS
Membrane type.........--o--c.......-.o............cellulose triacetate
Membrane conflguration....o-..--o-.................-..-.o.hollow fiber
Maximum operating pressures — feed and brin€eesscesssorvsseess450 psig
Maximum feedwater turbldity-..-....................-.--.-.--....-l jtu
Maxioum feedwater chlorine concentratioNeeceessssesssssesessssls0 mg/L
Maximum feedwater tEmperature.-....-.................--..........30° c
Reconmended feedwater PH Fange..cscecsecsceccssososssscsansaccclh = 705
D!mens’ons - case lengthlouonoocoooo-oo.oo--aoooonooooas 1n (12109 Cm)

case diametel.ceccossverssosnveessessesebe25 n (15.9 cm)
Shipping weight........-.o.-o.'-...................---86 1bs (390l kg)

1



TABLE 7. DUPONT B~9 MODEL 0440 TECHNICAL SPECIFICATIONS

MeEDIrane LypPe.cceececrcsvosessocscvssesvasossssssasssscssseseeBd aramid
Membrane configuratioNessscresescesscossccessssscssscossceshollow fiter
Inftial product water capaclty*..cesesese.e4200 gpd nominal +15%, -10X
Salt rejection as shipped®.ceceececsscsccossncsscosseocscccccsssss> 90T
Rated Operating PresSSULCeecsccecescoscscevesossescsossssnsessd00 psig
TeMPEratUre [ANEe..ccsesssscesscassresssssssssssssssesscccscessd = 35°C
pH range, countinUOUS eXpPOBULCeecesscscsscosssscsssovesscsascssesd — 11
Minfmum brine rate.c.cececceccecccescscoscssccsccscssscssasnssese3200 gpd
Maxfimum brine l‘ate...................................-.-.....-9600 gpd
Sheil dimensions — outer dlameteleesscesscsssccssssonsssnsansesd~l/4 in
inner diametelecesecscssacscosssccssesesesesd—3/8 in
length.‘......-..........---.......-..........47 in

Shell materfalececescecscsssessceeseessfilament wound fiberglass epoxy
End plateSseescccecssccassstacsccassssceascnsscassssssfiberglass epoxy
Snap CingSecsessescssssevscecseseSAE 1075 carbon steel, cadmium plated
Connections - feed and produCtececscccscsssscceseseael/2 ~ female, NPT
DriNEicecesccanccncscanacsocscnsaceseeesld/8 ~ female, NPT

brine Samplen'.oonooono.o.-o-o.uccco1901/8 - fema]e' NPT

Operating positioneecccccecsceccecoveesveseceessshorizontal or vertical
Permeator weight, filled with water............-..............nSO 1lbs

* Based on operation with a feed of 1500 mg/L sodium chloride at
400 psig, 25° C and 75X conversion, standard test conditions.

TABLE 8. HYDRANAUTICS MDDEL P/N 4040-LSY-IFCl TECHNICAL SPECIFICATIUNS

Membrane typeeeccecescccsssssosssnsnssnssss

Membrane configurationscecesessscescccces spiral wound
Rated initial chloride ifon rejectfon®..cc.ccecececseccaverageesess«s97.52
ainigumeess .95-01

Rated initial Permeace productiv‘lty*-o........................1600 gpd
Maximum feed flow to element...........-...u-o.....--........--18 spm
Maximum applied pressSurCesceccsccsvecoscoscssncsssesssescseeseed00 psig
Minimum concentrate flow @ rated permeate output.sececececsssssd.9 gpm
Maximum operating temperatur€scecessccssccccsscsscsscesssssvesnnssed3’® C
Feed pH rangeccescccecoceescsoccoanccasssscascssesssncansccnsscassh =9
oKldant tolerance..-.......................nu.....-.-..-.....0.0 ppa

* Above ratings are based on a test solution of 2000 ppm sodium
chloride at a temperature of 25° C. Under an applied pressure of
270 psig, a water recovery of 10X and a pH of 5 - 6.




SECTION 5

RESULTS

INTRODUCTION

Pilot studies for the removal of the inorganic contaminants were conduct-
ed with five different RO modules. The modules are considered state-of-the—
art membranes with all beinz practically applied to treat dcrinking waters.

The primary objective of the study was to obtain RO rejection data for most

of the EPA regulated inorganic contaminants and not to compare one membrane
against another. Inftfally this report was planned to be written on a contam-
inant basis, but because of the rather significant variation in operating
conditions, a decision was made to present the data by individual membrane.

Although membrane couparison will naturally be made, the reader should
be aware that the membranes were not operated under similar conditions and
that cwparison of rejection values between the membranes is not totally
valid. The purpose of the study therefore was to provide rejection data for
camparison of specific contaminant rejection and comparison of these values
to the rejection of the more comnon naturally occurring substances such as
sodium, chloride, calcium, etc.

System Operation Performance

The parameters used to evaluate RO system performance are pressure,
flow, and water quality., The mouitoring instrumentation provided continuous
readouts of pressures (feed, product and concentrate) and flows (product and
concentrate). The reading from these monitors along with system elapsed
operating time, feed water pH and feedwater temperature were recorded each
time a set of water samples were collected. Additionally, the TDS of the feed,
product and concentrate water samples was measured and recorded.

The system periormance information for each membrane element is pre-
sented in the discussion of each membrane. Each membrane element was operat—
ed according to the manufacturer's specffications and, therefore, significant
variation exists between the operating pressures, flows and system recoveries
of the membranes. -

Natural Constituents

The typicai method for evaluating a reverse osmosis membrane is to deter-
mine the desalinatiog capacity, f.e. the ability to reject salts as measured

13



by «he difference tn TOS in the feed and product. streams. Concurrent with
inorganic contaminant testing, analyses for several of the comamon natural
constituents in the feedwater were performed to-establish baseline system
performance criteria by which any problems ¢puld be detected as evidenced by

a decline in rejection capacity. This testing consisted of TVS, total hard-
ness, and chloride fon determinations for all membrane elements. Sodium and
calcium were also analyzed during the testing of the Dupont and Hydranautics
elements. A review of these data reveals no major differeaces in rejection
efficiencies for any of the membrane elements tested with percent rejections
for al) elements varying as follows: TDS (93.8 - 97.6), total hardness (97.7 -
99.3) and chloride fo~ (91.4 ~ 94.5). For the Dupont and Hydranautics elements
only, the sodium (96 percent) and calcium (98-99 percent) removals were also
reported,

The removal data for the natural substances showed in some czzes a
decline in removal with time. Although the decreases wetre relatively small,
2-5 percent, these changes were observed and noted. The most significant
change occurred in the early stages of the Filmtec test program when TDS
rejection declined from about 97 percent to about 87 percent and returned
to the original 97 percent.

TORAY MEMBRANE

The first series of tests were conducted with a Toray membrane whose
general characteristics are given in Table 4. The system was run for 104
days (620 hrs) at an average feed water pressure of 1960 kPa (284 psig).
During the test period of day 1 to day 57, CHWA raw well water (TDS 2000
mg/L) was used as the test water. Because of the high sulfate and some
precipitation problens, the test waler source was changed to CHWA finished
water starting on test day 58. This change was the reason for the decrease
in TDS of the feed water from around 2000 mg/L for the first 57 days to 500 =
700 mg/L for the remaining tests.

A summary of the operational data collected is shown in Table 9. A
sunmary of the removal results of the natural occurring substances that were
measured, TDS, chloride and hardness, are also shown in Table 10 and the TDS
data 1s plotted in Figures 2 and 3. For the 104 day test perfiod, removals
averaged 95 percent for TDS, 98 percent for hardness and 93 percent for
chloride.

A summary of the removal values for the spiked contaminants is shown
in Table 11. Because of either testing problems or analytical probleas,
removal data {s lacking for Cr+3, Hg, and U.

The test data shows that best removals (97-99 percent) were achieved
on cadmium, selenium +4 and +6, arseaic +5, lead and chromfum +6., Lower
removals (44 - 94 percent) were achieved on fluoride, nitrate and arsenic
I1I. The low removals for arsenic I1l were verified by repeating the tests
several times. A wide variation in removals (44-79 percent) was observed
for arsenic +3. Partial oxidation of arsenic *3 to arsenic +5 may have
been the reason for this varfatfon.

14
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TABLE 9. SUMMARY OF TURAY MEMBRANE OPERATUIUNAL DATA
RUN DAYS 1-13 1633 34-35 36-57 67-71 72-77 78-89 92-97 100-104
FEED WATER SOURCE A A A A B B B C 8
CONTAMINANTS P NO4 As+} Ccd As+) As+) Pb u Crt+b
\ Hg Se+4 As+5
, Cr+l Se+b
SAMPLES/READINGS 26 35 4 46 10 1) 20 14 11
FEEDWATER pH (unite)
~-~Average 5.8 5.8 5.8 5.6 5.6 5.6 5.7 - 5.7
~=M{nimum 5.5 506 508 5-1 5-’0 5.6 502 - 5-10
- -Maximum 6.3 6.3 5.9 6.0 6.0 6.0 6.1 - 6.1
FEEUNATER TEMP (C*)
--Average 39 38 - » 32 32 34 32 n
==Mluimum 32 35 -— 24 27 25 28 20 23
- -Maximum 46 47 - 45 39 38 39 41 41
FEEDWATER PRESSURE (PSIG)
--Average 261 260 - 271 237 295 292 299 309
—M{nimum 250 255 - 250 275 290 275 280 290
- -Maximum 285 2790 - 295 295 300 300 320 350
FEEUWATER FLOW (GPM)
--Average 6.9 6.8 - 6.8 6.8 6.6 6.5 6.7 6.6
—~—M{nimum 6.3 6.6 — 7.1 6.6 6.5 6.3 6.5 5.9
—c*M.lxlmum 7.0 7.0 - 6.‘ 7-0 607 6.7 700 609
RECOVERY (percent)
"‘Avcr‘ﬂe 10-6 9.5 - 9.7 9.6 10.0 ]0.3 902 8.8
-=M{aluun 9.3 8.2 - 8.0 8.3 8.8 9.0 7.3 6.5
»-Max{mum 12.9 11.5 - 11.5 11.1 11.4 12.4 10.9 10.2

AVC

DAYS
1-104%

A - CHWA Raw Water
B - CHWA Treated Water
C - FL Ground Watecr With Natural U
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TABLE 10. SUMMARY OF TTURAY MEMBRANE TEST DATA

KUN DAYS 1-15 16-33 34-35 36-57 67-11 72-17 78-89 92-97 100 - 104 AVC
SOURCE OF WATER A A A A B 8 B C B
DAYS

CONTHMINANTS P NO >y As+?} Cd As+) Ag+) Pb U Cr+6 1-104

Hg Se+4 As+)

Cr+l Set+6
SAMPLES/READINGS 26 35 4 46 10 11 20 - 11 -
FEEDWATER CONC (mg/L)
TUS - AVG 1988 2059 2063 1913 672 877 920 - 438 -—
THS - MIN 1800 1875 1975 1700 525 82 675 ] 410 .~
TS - AX 2225 2250 2100 2100 850 950 1150 - 460 -
HARDNESS - AVG 609 024 645 625 198 -— 285 -— 115 -
IHARDNESS - MIN 58¢C 550 610 540 180 - 170 - 100 -
HARDNESS ~ MAX 660 720 66U 760 210 - 390 - 120 -~
CHLORIDE ~ AVG 651 661 680 613 225 279 287 - 176 -
CHLURLDE - MIN 600 570 655 550 214 260 228 - 160 .-
CHLORLDE = MAX 730 720 690 685 246 300 330 - 200 -
PERCENT REMOVAL
TUS = AVG 95 94 94 94 96 96 97 - 26 95
TUS - MIN 94 94 94 94 95 96 96 - 95 95
TDS - MAX 26 95 94 95 97 97 97 - 97 96
HARDNESS - AVG 99 98 98 28 98 - 99 - 99 99
HARDNESS -~ MIN 98 97 98 98 97 - 929 - 929 98
HARDNESS — MAX 99 99 98 99 99 - 99 - 99 99
CHLORLDE — AVG 93 93 93 93 92 94 94 - 92 93
CHLORIDE - MIN 92 92 92 92 90 93 93 - 89 92
CHLORLDE - MAX 94 94 93 94 93 94 94 - 9% 94

A - CHWA Raw Water

B - CHWA Treated Water
C - FL Ground Water with Natural U
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Figure 2. Removal c¢f TDS with Toray membrane.
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TABLE 11. SUMMARY OF CONTAMINANT REMOVAL WITH TORAY MEMBRANE

Run Samples Feedwater Concentration-mg/L Percent Rejection
Days Contaminant No. Min Max Avg Min Max Avg
1-13 F 28 3.0 10.0 6.1 73 94 90
16-32 NO4(N) 35 1.7 25.3 11.8 35 82 69
34-35 As(+3) 4 0.03 0.34 0.14 58 70 63
36-57 cd 46 0.02 0.54 0.23 95 99 99

Hg 0 - - - - . .
Cr(+3) 0 - - - - - -
67-71 As(+3) 10 0.05 0.68 0.30 4 79 66
Se(+4) 10 0.12 0.74 0.33 96 99 97
72-77 As(+3) 11 0.15 0.68 0.30 46 76 64
73-89 Pb 12 0.24 1.3 0.55 97 99 98
92-97 U -_— - -— - - - -~
100-104 Cr(+6) 6 0.31 0.96 0.60 97 98 97
As(+5) 12 0.12 0.74 0.35 97 >99 99
Se(+6) 12 0.26 1.0 0.61 99 >99 >99
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FILMTEC MEMBRANE

The second test series was conducted with a Filmtec membrane whose
description i8 given in Table 5. The test period lasted for 74 days (929
hrs) and the feed water pressure averaged 1318 kia (191 psiz). Thus, the
operating pressure averaged about 950 kPa (100 psig) less than the average
for the Toray membrane test.,

A summary of the operational data for a 74 day test period is shown in
Table 12, The rejection results of the natural substances measured (TDS,
chloride, hardness) are given in Table 13 and the rejection results of TDS
are plotted in Figures 4 and 5. Removal averaged 95 percent for TDS, 98
percent for hardness and Y2 percent for chlocide.

The TDS data in Figure 5 shows a steady decrease in TDS rejection from
about day 9 (974) through day 37 (84%) and then a return to the initial
rejection value (974) day 39. The reason for this decrease is not known, but
this decline suggests some type of an operation problem.

A summary of the rejection data for the spilked contaminants and along
with natural uranjum {s shown in Table 1l4. The results were somewhat similar
to the Toray membrane results with highest removals (95 - 98%) achieved on
arsenic +5, selenium +4 and +6, chromium +3 and +6, lead, cadmium, and uran—
jum. Lower removals were obtalned with fluoride, nitrate, arseanic +3 and
mercury. The widest variation between minimum and maximum removals were
experfenced with arsenic +3 as had also occurred with the Toray tests.
oxidation of some arsenic +3 to arsenic +5 is again suggested as a possible
cause for this wide variation in removals.

DOW MEMBRANE

The Dow membrane was the third membrane tested. The test period lasted
72 days (760 hrs) and the average feed pressure was 191] kPa (277 psig).

A sunmary of the operational data collected is shown in Table 15. This
wembrane had the highest percent recovery (55 - 60) of the five membranes
tested. The rejection data from the natural elements (TDS, chloride, hard-
ness) are shown in Table 16 and the rejection data for TDS is plotted in
Figures 6 and 7. TDS rejection averaged 96 percent through the 72 days.
Figure 7 shows, however, that for the period, day 13 - 25, that TDS rejection
decreased from about 97 percent to 94 percent and then returned to around 96
percent for the duration of the test period. Why this slight decrease occur-
red is not known. Removals for hardness was 98 percent and for cnloride, 93
percent.

A sunmary of removal of spiked contaminants and for uranium and radium
is shown in Table 17. The pattern of removals was similar to that of the
first two membranes. Best removals (95 — 99 percent) were achieved on lead,
cadmium, chromium +3 and +5, arsenic +5, selenfum +4 and +6, uranium and
radium. Lower removals were achleved with fluoride, nitrate, arsenic +3 and
mercury. Some questions exist on mercury removals because of analytical
problems and adsorption within the system. However, two different test
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TABLE )2. SUMMARY OF FILMTEC MEMBRANE OPERATIONAL DATA

NGRS AN EANSAGEESAALASSAANME SN ARRASED S AN SAGA IS SRR NS O d AR Y NN A LGRS TAL SIS ARSIt Gl N YA ST NS SCeaAN SIS &S eumen

RUN DAYS 1-10 11-20 21-37 I8-49 50-62 63-66 67-70 71-74 AVG
SOURCE OF WATER B8 B B B B .8 8 C
DAYS
CONTAMINANTS P As-3 NO; As+5 cd NO3 cd ] 1-74
Set+h Pb Se+d lg Pb Cr+)
Cr+b Cr+3
SAMPLES/READINGS 22 21 32 16 21 8 9 7 -
FEEDWATER pH (UNLTS)
-AVG 6.8 6.9 7.2 6.3 6.4 6.7 5.5 7.7 6.7
-MIN S.7 5.7 6.8 5.2 6.0 6.3 S.2 7.5 6.0
-MAX 7.1 7.4 7.5 7.0 6.8 6.8 5.6 7.8 7.0
FEEDWATEK TEMP (C)
~AVG 27 32 27 29 28 24 kJ | 31 29
-MIN 17 22 20 20 17 14 20 24 19
-MAX 36 45 38 43 37 28 36 50 39
FEEDWATER PRESSURE (PSIG)
-AVG 180 185 202 196 194 191 181 196 191
-MIN 165 160 180 170 185 175 180 185 175
~MAX 210 200 220 220 210 200 190 200 206
FEEDWATER JLOW (CPM)
-AVG 3.7 3.0 3.2 4.2 4.1 4.6 4.5 4.3 4.0
-MIN 3.5 2.2 2.6 2.8 3.3 4.6 4.4 4.2 3.5
-HAX 3.8 3.4 3.6 4.6 5.1 4.7 4.5 4.5 4.3
RECOVERY (%)
-AVG 9.8 12.0 8.1 8.5 11.8 10,2 12.1 10.9 10.4
~MIN 6.6 7.8 6.2 4.5 6.4 7.7 .0 8.6 7.1
-MAX 14.7 20.9 10.9 15.9 18.1 11.8 13.2 13.8 14.9

CHWA Raw Water
CHWA Treated Water
FL Ground Water With Natural U
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TABLE 13. SUMMARY OF FILMTEC MEMBRANE TEST DATA

AT AN AOATLTLICDLLVD S CDDODER SR AR SN ARG S S A AN ORGSO A S LA S A S RSN eSS S NS AR AN S AN AN S A AN R AT AGAD S ROD N aE S & S

RUN DAYS 1-10 11-20 21-37 3849 50-62 63-66 67-70 71-74 AVC
DAYS
FEED WATER SOURCE B B B B 8 B B c -—
CONTAMINANTS ¢ As+3 NO4 As+S cd NO3 cd u 1-74
Set+4 Pb Se+6 lig () Cr+l
Cr+6 Cr+3 -
SAMPLES/KEADINGS 22 21 12 16 21 8 9 7 -
FEED CONC. (mg/L 669 648 810 664 702 393 420 420 -
TDS = AVG 600 s75 500 600 650 380 410 400 -
DS - MIN 800 700 900 725 775 420 735 470 -
TOS - MAX
HARDNESS-AVG 327 250 155 155 148 91 102 145 —-—
MIN 310 230 130 140 130 65 85 130 -
MAX 340 260 260 180 160 . 100 110 170
CHLORT DE-AVC 224 324 293 234 223 164 185 133 -
MIN 200 280 230 225 200 160 175 125 -
MAX 255 360 320 245 240 170 200 140 -
PERCENT REMOVAL
TDS - AVG 97 95 88 96 98 98 95 95 95
TS - MIN 96 92 85 84 97 97 9% 92 92
TOS - MAX 98 96 93 99 98 98 96 96 97
HARDNESS - AVG 99 98 94 39 99 99 99 99 98
MIN 98 97 86 94 99 99 99 99 96
MAX 99 99 98 99 99 99 99 99 99
CHLORLIDE - AVG 93 91 88 93 94 9% 92 89 92
MAX 90 87 85 81 92 . 93 90 85 88
MIN 95 94 91 96 96 96 9% 91 94

A - CHWA Raw Water
B - CHWA Treated Water
C - FL Ground %Watec with Natural U



TABLE 14, SUMMARY OF CONTAMIRANT REMOVAL WITH FILMTEC MEMBRANE

Sm o e e ow Baw Snmm—

RUN SAMPLES FEEDUATSR CONCENTRATION - mg/L Percent Rejection
DAYS  CONTAMINANT (NO.) Min Max Avg  Min Max | avg
1-10 F 22 8.4 10.2 8.9 72 92 33
11-20 As(+3) 7 0.04 0.18 0.10 35 83 69

Se(+4)* 21 0.02 0.08 0.04 > 85 >96 -

21-37 NO3(N) 20 12.8 14,3 13.7 71 13 15
Pb 32 0.04 0.13 0.07 65 94 89

39-49 As(+5) 5 0.10 0.47 0.26 98 >99 99
Se(+6) 16 0.58 2.6 1.2 96 >59 99

Cr(+6) 9 0.06 1.3 0.73 87 >99 97

50-62 cd 11 0.28 0.36 0.32 >99 >99 >99
Hg 10 0.002 0.109 0.040 60 89 78

cr(+3) 0 - -— —-— -- -- --

63-66 NO3(R) 0 - -— -— - - .-
Pb 8 0.19 1.32 0.41 78 99 97

67-70 Cd 9 2.5 2.6 2.6 99 >99 99
Hg 0 - - - -- - --

Cr(+3) 9 0.05 0.29 0.12 94 98 96

71-74 U 7 0.533 0.873 0.682 99 99 99

*Product water concentrations all less than detectable limit of 0.005 mg/L
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TABLE 15, SUMMARY OF DUW MEMHBRANE OPERATIONAL BATA

R R NN N N L L N N N R N R R P R R T T T T T T I T T YT T Y Y I Y Yy ===~

RUN DAYS 1-17 18-26 27-34 34-41 42-50 51-63 64-67 68-69 10-71 12-73 AvVG
SOURCE OF WATER B B B 8 B C B H 8 8 DAYS
1-73
CUNTAMLNANTS F N1y Cd As+> As+3 u Hg Ra lig Ag+l -
- rb g Se(+6) Se+4 -- - .- - .. -
- - Cc+) Cr+6 -~ .- .- - -- -~ --
SAMPLES/READINGS 29 19 21 16 24 22 b 2 2 2 -
FEED WATER
pH (UNLTS)
-=AVG 603 6.2 6-0 506 6.9 7.6 6.7 7-5 6.3 6nl 6.3
~=MIN 4.0 5.6 5.5 5.0 4.5 7.2 6.6 7.4 6.2 6.1 5.8
--MAX 7.4 6.6 6.5 6.4 S.1 6.0 6.8 7.5 6.3 6.1 6.7
FEED WATER
TEMP (C)
--AVG 23 25 25 25 26 25 34 19 19 19 24
~~MIN 17 23 20 20 21 22 31 16 19 19 21
- -MAX 27 27 30 35 28 35 36 20 19 19 28
FEED WATER
PRESSURE (PSLG)
--AVG 261 261 266 262 263 272 253 295 320 320 277
--~MIN 250 250 240 225 245 230 240 290 320 320 261
- -MAX 275 270 290 285 305 280 260 300 320 320 290
FEED WATER
FLOW (GPM)
--AVG 606 609 5-8 5.9 5.7 6.1 609 6.0 6-8 6o8 6.3
--MIN 6-2 6.8 506 507 S.’ 5.9 6.8 5.9 6-8 603 6.2
- -MAX 1.0 7.0 6.0 6.2 6.6 6.3 7.0 6.0 6.8 6.8 6.6
RECUOVERY ()
-=AVG 55.3 56.2 61.8 6U.5 64.1 60.4 61.8 55.4 55.8 55.5 54,7
~~MIN 53.7 54.4 58.6 57.8 58,7 58.3 59.4 54.2 55.8 55.5 56.6
- -MAX 59.6 57.9 65.0 64.9 65.4 65.0 66.1 56.6 55.8 55.5 6l1.2

A - CHWA Raw Water
B8 - CHWA Treated Water
C - FL Ground Water with Natural U
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TABLY, 16, SUMMARY OF UOW MEMBRANE TEST DATA

RUN DAYS 1-17 18-20 27-34 34-4] 42-50 51-63 64-67 68-69 70-~7) 72-73 AVC
DAYS
1-73
SOURCE UF WATER B B 8 B 8 c 8 A B B -
CUNTAMINANTS F NU3 cd As+5 As+) u He Ra Hg As+) -
-- rb Hg Se(+6) Se+4 - -- -- -- -- -
- - cr+) Cr+o -- -- -- -- -- -- .-
SAMPLES/READINGS 29 19 21 16 24 22 6 2 2 2 -
FEED WATER CUNC
(mg/L)
TS -~ AVC 627 6.1 630 625 702 443 625 1763 800 800 -,
TUS - MIN $50 575 620 600 650 350 625 1750 800 800 -
TUS - MAX 750 775 640 650 750 600 625 1775 800 800 -
HARDNESS -~ AVG 139 126 178 161 172 160 148 480 209 205 -—-
HARDNESS - MIN 120 120 165 150 150 100 140 480 208 200 -_—
HARDNESS - MAX 160 150 185 180 200 270 150 480 210 210 -
QILORINE ~ AVG 219 203 233 225 263 131 235 535 250 225 -—
CHLORIDE - MIN 205 185 220 215 240 125 235 530 250 225 -—
CHLURIDE - MAX 225 220 245 23 275 135 235 540 250 225 -—
PERCENT REMOVAL
TDS - AVG 97 95 97 97 96 97 95 96 97 97 96
TUS - MIN 95 94 96 96 96 96 95 96 97 97 96
s - MAX 98 96 97 97 96 97 95 95 97 97 96
HARDNESS -~ AVG 98 96 96 98 98 98 97 98 99 99 98
NAKRDNESS = MIN 96 94 96 98 97 98 97 98 99 99 97
HARDNESS =~ MAX 99 98 98 99 98 99 97 98 98 99 98
CHLORLDE - AVG 94 93 93 93 94 91 92 94 94 94 93
CHLORLDE - MIN 93 92 92 91 92 90 92 94 94 94 92
CHLORIDE = MAX 95 94 94 95 94 92 93 95 94 94 9%

A - CHHWA Raw Water
E - CHWA Treated Water
¢ - FL Ground Water with Natural U
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TABLE 17. SUMMARY OF CONTAMINANT REMOVAL WITH DOW MEMBRANE

- csmsnecsnassea auums

RUN SAMPLE FIEDWATER CONCENTRATION - mx/L  PERCFNT IEJICTION
DAYS  CONTAMINANT  NOS. Mia Max Avg Min Max Avg
1-17 F 29 5.5 1445 8.4 56 97 91
1826  NO3(N) 17 12.0 41.4 28.0 82 36 85
Pb 18 2.09 1.0 0.60 94 93 96

27-34 Cd 21 1.1 3.7 2,2 98 93 98
Hg 9 0.508 0.636 0.557 12 17 14

Cr(+3) 21 0.06 1.3 0.49 95 23 97

34-41  As(+5) 16 0.47 1.9 1.1 98 99 98
Se(+6) 16 1.4 3.3 2.1 99 29 98

Cr(+6) 16 1.1 3.6 2.0 95 97 96

42-50 As(+3) 11 0.36 0.41 0.39 97 93 98
Se{+4) 11 0.51 0.65 0.56 98 39 99

As(+3) 13 1.1 1.3 1.2 73 73 75

Se(+s) 13 1.4 1.9 1.7 97 $9 98

51-¢3 U 22 0.330 1.650 0.670 98 e 99
64-67 Hg 6 0.0002 0.010 0.003 52 g1 64
68-69 Ra(pCi/L) 1 5.05 5.05 5.05 97 97 97
70-71 Hg 2 0.071 0.081 0.076 10 22 16
72-73  As(+3) 2 0.73 0.85 0.79 82 8% 83
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periods showed very low removals of 10 - 20 percent, the lowest of all the
rejection values.

DURONT MEMBRANE

The fourth membrane evaluated was a Dupont membrane. The test period
was 43 days (327 hrs) and the average feed water pressure was 2650 kPa (384
psig), the hizhest of all the tests conducted. The percent recovery for this
membrane was about 50 percent.

A summary of the operational data is shown in Table 18. A sunmary of
the removals of the natural elements (TUS, chloride, hardness, calcium and
sodjum) is given in Table 19. Rejection data for TDS for the test period is
also plotted in Figures 8 and 9. Although TDS rejection was high, 96-99
percent, a slight decline was observed during the test period from the ini-
tial high rejection of 99 percent to the 96 percent rejection during the last
few days. Again no reason, except for membrane usage, is offered to explain
the slight decline. Hardaess removals averaged 99 perceat and chloride 94
percent.

A summary of the removal for the spiked contaminants and uranium and
radium is shcen in Table 2U. For the most part, the same pattern of removal
results exiszed. Highest removzls were achieved on lead, cadmium, chromiun
+3 and +6, selenfum +. and +6, arseaic +5, uranium and radium. Lower re~mov—
als were obtained on fluoride, nitrate, arsenic +3 and mercury. The or
major difference existed for mercury where removal rarged from 65 - 98 per-
cent which was significantly higher than the 15 - 20 percent removal with the
Dow membrane. Because of some analytical uncertaianty and observed adsorption
with the system, some doubts exist oa the validity of all the mercury data.

HYDRANAUT ICS MEMBRANE

The last membrane to be studied was the Hydranautics membrane. This
membrane was tested for the shortest period of time, only 29 days (303 hrsj.
The feed water pressure averaged 1953 kPa (283 psig) and percent recovery was
around 11 perceat.

A summary of the operational data 1s shown in Table 21. A summa-y of
the removals for the natural substaaces in the feed water (TDS, chloride,
hardness, calcium, sodium) is also shown in Table 22. The TDS rejection data
for the test pariod is plotted in Figures 10 and 1ll. Once again the TODS
rejection data showed a slight decrease with time as the average rejection
went from about 99 percent (days 1-5) to around 95 percent (days 26-29).
General usage again 1is suggested as the only explanation foc the decrease.
Jardness removal averaged 96 percent and chloride 95 percent.

A summary of the removal data for the spiked contaminants and for uranium

and radium is shown in Table 23. As reported with all other membranes, high-
est removals (95 - 99 percent) were achieved with lead, cadmfun, chromiun
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+3 and +6, selenium +4 and +6, arsenic +5, uranium and radium. Lower remavals
were obtatned on arsenic +3. However, for the firsc and only time high
removals were achieved on fluoride (98 percent) and for nitrate (97 percent),
Why these removals sere significantly different from the other membrane
resurts {s not known.

For the first time, tests were conducted for the removal of nitrite
copper, and eolybdemum. Although the tests were short, 2 - 3 days, the re-
moval data (average) showed high removals for all three substances; greater
than 92 perceat for nitrice, 97 percent for copper, and greater than 97 per—
ceat for molybdemum.
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RIN DAYS 1-5
SOURCFE, UF WATER 8
CONTAMINANTS F
SAMPLES/READINGS 14
FRED WATER pll

(UNLTS)

~-AVQ 6.2

"'“MlN 6.‘

~-MAX 6.6
PEED WATER TEMP(C)

--AVG 23

--MIN 16

- -MAX 33
FEED WATER PRESSURE

(PSILQ)

- -AVG 379

~~MIN 330

- -MAX 400
FEED WATER FLOW

(GPM)

--AVG 4.5

~~MIN 4,2

- -MAX 4.7

RECUVERY (Z)

——AVU 50-0
--MLN l‘7.6
- -HAX 52.1

‘fABLE 18,

6-10

B
Cd
lig

Cr+)

14

7

11-16

B
As+5
Sa+6
Cr+6

17

17-22

B

Pb

-

15

395
370
400

vtfb
- N

49.7
47.7
5t.1

378

29-34

385

34-35
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TABLE 19, SUMMARY CF DUPUNT MEMBRANE TEST DATA

LRI R T R e e e e N R Y R T T T L Y T Y P T T TR LT oy

RUN 0AYS 1-3 6-10  11-16  17-22  23-28  29-34  34-35 3641  42-4)  AVG
DAYS
1-43
SOURCE OF WATER (1 8 ] s } B A c ] -
CONTAMINANTS 4 V] as+s P HOy Ased Ra v NOy -—
-— ng Sa+b - - Sedd - - - .-
—  Cred  Cr# - - - - - . -
SANPLES/READINGS 14 14 1Y 13 13 16 H 13 2 -—
FEED WATER CONC
(ng/L)
TOS-AVG 793 946 768 813 810 867 1700 760 800 -
TDS-MIN 778 923 750 800 800 850 1700 150 800 -
TOS-MAX 800 915 775 823 813 873 1700 774 800 -
HARDNESS-AVG 160 22 160 204 200 21 480 274 200 -
RARDNESS-MIN 160 210 160 200 190 203 480 260 200 -
BARDHES S~MAX 163 260 160 210 205 220 480 285 200 -
CULORY DE-AVC 233 289 230 249 247 267 533 149 238 —
QILORE DE=NIN 230 280 220 240 240 233 520 140 23c -
CHLORI DE-MAX 260 305 233 263 255 278 545 160 245 —_
CALCIUM-AVC 27 33 26 n - b 1) 88 60 - -~
CALC [UM-NIN 27 3 23 28 - 3l 86 s? -— -
CALCT (M=MAX 28 39 8 32 -— s 89 62 - -
SOOIIRE-AVG 1e4 128 109 130 - 115 262 68 -— -~
SOOIUM-MIN 106 109 103 122 -— 105 260 6 - -
SODIUM-MAX 120 136 13 136 - 129 26) 16 - --
PERCENT REMOVAL
TUS~AVC 99 98 98 98 98 98 96 97 98 98
TOS-MIY 99 98 97 98 98 97 96 9% 98 98
TOS-HAX 99 99 99 98 98 1] 97 9 98 98
HAKDNESS=AVG 99 99 99 99 99 99 99 99 99 99
HARDNESS-MIN 99 69 99 99 99 99 99 99 99 99
HAZDNESS=MAX 99 100 99 100 99 100 1] 100 100 99
CHLURI 0E~-AVG 9 96 95 93 93 1) 93 93 93 9%
CHLORI DN 96 96 9 9 92 9 95 92 93 9%
CHLURT DE-MAX 97 97 96 93 95 9% 9 9 93 95
CALCIUM~AVG -] 99 98 98 - 99 99 99 - 99
CALCIUM-HIN 98 99 98 98 -— 99 99 99 -— 99
CALLTINHAX 98 131 38 98 -— 99 99 99 - 9
SODIUM=AVG 98 97 96 96 -—_ 96 95 % -— 96
SOD1UM-MIN 97 88 95 86 - 9 94 89 - n
SODTUM~MAX 98 98 98 97 -— 97 93 96 —_ 97

A - CHWA Rsw Water
8 - CHUA Treated \Wmter
C = L Ground ¥gter with Natural U
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TABLZ 20. SUMMARY OF CONTAMINANT REMOVAL WITH DUPONT MEM3RANE

RUN SAMPLES FEZEDWATER CONCINTRATION - =z/L  PEXCINT REJECTION
DAYS  CONTAMINANT _ (NO.) MIN MAK AVG MIN MAX AVG
-5 F 12 5.2 S.4 5.3 83 96 92
6-10 Cd 14 0.66 1.79 1.22 99 99 99
Hg 14 9.0027 0.064 0.026 65 >98 -—

Cr(+3) 14 0.15 0.39 0.26 96 99 99

11-16 As(+5) 17 0.70 1.4 1.03 98 99 99
Se(+6) 17 1.2 2.0 1.6 98 99 99

Cr(+6) 17 1.59 1.94 1.76 98 99 98

17-22 Pb 15 0.12 0.7 0.33 >96 >99 >98
23-28 NO3(N) 13 12.4 13.2 12.7 93 95 94
29-34 As(+3) 16 0.38 1.05 0.61 46 84 71
Se(+4) 16 Q.37 1.75 0.88 97 99 98

34-35 Ra 2 1.83 2.19 2.01 96 97 96
36-41 U 15 0.103 0.182 0.154 96 99 98
42-43 NO4(N) 2 13.5 13.8 13.6 95 95 95
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TABLE 21, SUMMARY OF NYDRANAUTICS MEMBRANE OPERATLONAL DATA

IEA N R NN L A R L L R R L RN R N RN L RN NN R N R N T R T N I Y Y Y ..

AVG
RUN DAYS 1-3 A-6 7-9 10-13 l16-106 37-20 21-2) 26-25 26~27 28-29 DAY
SUURCE UF WATER B ] 8 8 B c 8 A B B 1-29
CONTAMINANTS Cd 4 As+5 Mo Pb U As+) Ra Cu NO ) -
g -~ Setb - ND4 - Sets -- -- -- -
Cr+3 -~ Cr+6 -~ - -- -- - -- -- --
SAMPLES/READINGS )2 12 12 15 12 12 12 6 6 4 -—
FEEDWATER pll
UNLTS
--AVG 5-2 5-9 5.8 5.6 5.7 705 508 6.5 509 6.‘ 6-0
-=MIN S.l 5-6 506 5.5 5-6 606 S~5 602 517 604 5.8
-=HAX 9.2 6.2 5.9 5.7 6.6 8.3 5.2 6.7 6.1 6.5 6.3
FEEUWATER
TEMP (C)
--AVG 26 3 32 3 34 n 34 32 ] | 31 32
-~MLN 19 r34 26 26 25 27 29 26 28 23 5
-~MAX 32 34 40 38 39 40 40 » 34 40 37
FEEDWATER
PRESS (PS1Q)
--AVG 292 286 268 284 298 294 299 280 275 254 283
--MIN 265 2715 260 260 290 265 295 260 270 250 269
- -MAX 315 295 275 o0 310 315 Jos 300 280 260 296
FEEDWATER
FLUW (CPH)
-=-AVG 7.1 608 6.6 60] 6.3 6.' 5.9 5.9 5.5 5-1 6.2
“Hl" 7-0 605 606 600 6.0 6-0 504 506 5.5 4-9 5'9
- -MAX 7.3 700 607 7.1 605 6.6 501 6.1 507 5.2 603
RECOVERY(X)
Y H 10.0 11.4 10.6 10.) 1.2 10.8 11.1 10.4 11.0 10.4 10.7
-=MIN 8.9 10.2 8.9 7.1 9.2 7.8 10.0 8.4 9.7 8.7 8.9
-~MAX 12.2 12.8 12.5 11.6 12.0 12.6 12.6 12.6 11.9 13.2 12.4

A - CHWA Rav Water
B - CHHWA Treated Water
C - tL Ground Water with Natural U



TABLE 22. SUMMARY CF UYDHANAUTICS MEMBRANE TEST DATA

0000000008000 00ICs000Cac0rIcaNINEOE IEtTIltaueruEnNstttaraIensatUteitn llite Ricasdolitsitancartdalsenrapgdossasammn

AUN DAYS 1=3 4=t 79 10-13  JA=16  17-20  21-2)}  24=25%  16-2)  i8-29 AVE
SOUMCE oF WAITER [ [ [ [} [ ¢ 2 'y 8 [ 0AYS
CONTAML MANTS c4 r AseS [ m v Ane) is Cu 1) -
Hg -~ Seth - 80y - - -— - - -
c"] - Creb - — aa -a - - se -e
SAMPLES/MEADING 12 2 n 13 2 12 12 6 [ & -
FYED WATER CONC
(mg/L) -
TH-AVG 629 147 590 sn 683 573 m 1879 s18 517 -—
TUS-uIN 620 680 s10 %60 390 560 %00 1550 510 $10 -
TOS~MAX 60 7% 600 590 10 590 s20 1600 $20 52C -
HARDNYSS-AVG 178 170 148 140 184 1% 3%} 513 130 130 -
HARONESS-MIN 170 160 150 140 110 350 103 510 130 130 -—
HAMDNESS-MAX 390 180 150 10 153 360 10 20 1% 130 -
CHLORIUS-AVG 236 215 197 199 196 88 190 34 175 185 -
CQHLOKIDS-MIN 223 200 1%0 190 190 80 175 s23 0] 170 -
CHLORIUE-MAX 245 228 205 20 208 93 200 543 s 195 -~
CALLCTUM-AYC 28 b} 3 2% 26 33 2 83 21 19 .-
CALCTUM-KIN 5 28 22 H 2 89 18 ” 19 n -—
CALCLUM-#AX 29 29 7 29 3 98 a2 88 1 20 -
SUDTIRE-AVG %W 123 79 33 126 27 1.3 230 9% » -
SODLUM-HIN 83 1 69 n 104 25 74 03 9% 97 .-
SODLUM-MAX 98 1A8 8a 1] 1 29 9% 23 97 98 -
PEUCENT REMOVAL
TOS-4YG 97 98 97 97 97 97 96 9s 95 95 9
105~ 96 %8 1) 9 96 9 ” 93 93 95 9
TDS=-MAX 98 9% 97 97 92 97 96 93 96 95 ¥
HARDMESS~AVG 99 9 99 99 99 99 98 98 98 98 99
HARDNZSS-MIN 99 9% 99 99 9¢ 98 98 98 98 98 9
HARDNBS S~MAX 99 » 99 99 9 » » 98 98 98 99
CILORI D2-AVG 96 97 96 9 9 2 94 93 93 94 95
GILCRT UZ~MIN 9 9% 95 93 9 91 5] n 9 9 9%
QULORY DE-MAX 97 9?7 97 9?7 9?7 93 9% % 9 93 9%
CALCIUN-AVG »8 8 8 8 »8 98 »9 98 97 97 >93
CALCIUN=NIN »8  >58 8 >98 >98 98 99 97 97 96 >98
CALCIM~AX 98 %58 8 »8 »38 98 »9 % 97 9 >98
SODIUN-AYC %9 99 98 11 98 9% 93 9% 9 9 2%
SODIUN~ON 99 ) 98 38 96 17] 9% 9 9 92 9%
SODIUN-HAK 99 99 98 99 1] 93 96 95 95 93 97

A = QA Raw Wster
B = CHNA Treated Wter
C = IL “round Water with Natoral U
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Figure 10. Removal of TDS with Hydronautics membrane.



Y

TDS REJECTION ~ %

Figure 11.

oooooo

C0,0000,0

T T 71
012345

r 1 rr v v rrrrrrTryvueTrvevyul
7 8 9 W0 11 21314 1516 77 18 192021222324 252627282930
RUNDAYS

Rejection (percent) of TDS with Hydronautics membrane.



TABLE 23. SUMMARY OF CONTAMINANT REMOVAL W1TH HYDRANAUTICS

Y S ISP PP Y YT YRR I el ]

RUN SAMPLES  FEEDWATER CONCENTRATION-ug/L  PERCENT REJECTION
DAYS CONTAMINANT  (NO.) HMIN MAX AVG MIN MAX AVG
1- 3 Cd 12 1.17 1.36 1.31 99 99 99
Hg - - . -- - — -
Cr(+3) 12 0.86 1.46 1.23 99 99 99
4- 6 P 12 14.0 16.0 2445 98 o8 98
-9 As{+5) 12 1.3 2.0 1.7 96 99 94
Se(+6) 12 2.0 3.2 2.7 99 99 99
Ccr(+6) 12 4.16 5.96 5.46 97 98 98
10-13 Mo 15 1.6 4.3 2.4 88 >98 >97
14-16 NO4(N) 12 18.1 43.1 27.1 96 98 97
Pb 12 1.7 4.8 2.6 98 99 99
17-10 U 12 0.252 0.310 0.277 99 99 99
21-23 As(+3) 11 0.8 1.1 0.92 5 75 46
Se(+4) 12 1.0 2.4 1.5 93 93 95
24-25 Ra(pCi/L) 6 1.846 9.83 8.91 96 98 97
26-27 Cu 6 4.8 5.9 5.1 97 98 97
28-29 RO, 4 4.8 4.8 4.8 90 92 92
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SECTION 6

SUMMARY AND CONCLUSIONS

GENERAL

A spall recirculating RO pilot plant system was operated with five
different state-of-the-art membranes to determine the rejection values for 13
inorganic contaminants from ground water. Because of various factors, the
operating test conditions were not identical for all the membrane tests. Fbor
example, operating pressures varied from a low average of 1318 kPa (190 psig)
(FPilmtec) to a high average of 2650 kPa (384 psig) (DuPont). Recovery varied
from around 10 percent for the Filmtec, Toray and Hydranautics membranes to
50 - 60 percent for the Dow and DuPont hollos fiber membranes. Some diffi-
culties also occurred in maintaining constant operating conditions of presiure
and temperature durimg each individual (one-three day) test run. Consequeat-—
lJy, comparison of the performance of the membranes is not considered totally
valid., Nevertheless, the results cf the study, as summarized in Table 24,
show a general pattern of removals for the contaminants studied for the five
membranes. Furthermore, the results can provide general guidance for estima-
ting the approximate removals that can be achleved by reverse osmosis treat-
ment. A short summary and general dJdiscussion for each contaminant follows,

YATURAL SUBSTANCES

Three di fferent test waters were uscd each having a different background
concentration of the natural substanzes monjtored, TDS, hardness, chloride,
calcium, sodium. For all five membrane tests, TDS, hardness and chloride
analyses were conducted on raw, product, rejects waters. Only during the
last two series of tests for the DNupont and Hydranautics membranes were the
calcium and sodium tests performed in addition to TDS, hardness and chloride,

Because extensive data exists on the removal of the natural occurring
substances measured, the primary reason for the monitoring of these substances
was to evaluate the general performance of the membranes during the testing
period.

Al]l of the membranes averaged above 95 perceat removal of TDS with some
averaging Y8 percent. One 2mbrane (Filmtec) showed a noticeable decline in
TDS rejection during the first 40 days of test run from around 98 percent to
85 percent. After the 40th day, TDS rejection returned to the initial level
of around 37-98 percent and remained constant for the last 30 plus days. The
reaoon for the decline is not known, but it suggested that some problen
existed and thus the removal results of specific contaminants tested during
this period may be lower than that acnieveable under proper membrane perfnr-
mance.

43



TABLE 2&. SUMMARY OF REVERSE OSMOSIS PILOT PLANT TESTS

MEMBRANE

INFORMATION DOW DUPONT FILMIEC HYDRANAUTICS TORAY
Material CIA ARAMID Non-C MCA CcA
Conf iguration 143 He SW SwW SW
Model No. SK B9 0440-0-42  3W30-4u21 P/N404O SC3100
CHEMICAL

REMOVAL DATA-X

Argenic +3 75 71 69 46 65
Argenic +5 98 99 99 98 99
Cadmium 98 99 99 99 98
Calciun NA 99 NA >98 NA
Chluride 93 95 92 95 93
Chromfum +3 97 99 99 99 A
Chromium +6 96 98 97 98 98
Copper XA XA Na 97 NA
Fluoride(pH) 91(6.3) 92(6.2) 83(6.8) 98(5.9) 90(5.3)
Hardness 98 99 98 99 99
Lead 96 )98 97 97 98
Mercury (I) 13 NR 78 NA XA
Molybdenium XA NA NA >97 NA
Nitrate 85 94 75 99 67
Nitrite Y NA NA 92 NA
Radium 97 96 NA 97 NA
Seleniun + 93 98 NR 95 97
Selenium +6 99 99 98 99 99
Sodfum Xa 96 NA 96 NA

R H] 96 96 95 96 95
Uraniua 99 98 99 929 NA

TEST CONDITIONS

RUN DAYS 73 a3 74 29 104
AVERAGE :
X recovery 59.0 50.0 10.4 10,7 9.8
Peed pressure 277 gL 191 283 282
Influent pH 6.3 5-8 6.7 6.0 5.7
Influent temp 2% 25 29 32 35
Flow rate (GPM) 6.3 4.5 4.0 6.2 6.7

NA - Not available
NR -~ Not reportable

L4



All of the membranes removed above 98 percent of total hardness and
93-95 percent of the chloride. Data from the last two series of tests for
the Dupont and Hydranautics membranes showed average removals of around 98
percent for calcium and 96 percent for sodium. Because calcium is the pri-
mary constitutent of total hardness, calcium removal results should be simi-~
lar to hardness removal as was found. All results for the reaoval of the
naturally occurring substances were consistent with manufacturec's guidelines
for performance.

SPECIFIC CONTAMINANTS
Arsenic

Argsealc can cccur 1a four oxidation states; however, it is normally
found as an anion in only the trivaleat (arsenite) ana pentavalent (arsenate}
foras. Each of the two oxidation states forms several sETcies in naﬁgral
waters. The saluble arsenate species are H,As0,, H ﬁso3 and HAsO3 with
the most predoainant one (in the pil 4 — 10 range) being the neutral species
H3Asgg. The soluble arsenite species are four: H3Asob, szfoé » HAsO3 :7and
AsQy “. Of these four, the most significant ones are HyAsO,  and HAsO, ~.

The arseaic removal data for all the membranes show excellent removals
(greater than 98 percent) for arsenic +5 and low and variable removals (20-95
percent) for arsenic +3. The arseniz +3 removals .averaged between 40-70
percent for the five membranes. The reason for the low atrseanjc +3 removal is
assumed to be du2 to the neutrality of the H3AsO3 arsenite species. The gen—
eral rule of thumb is that rejection is directly proportional to the iomic¢
charge; the higher the charge the bdetter the removal by RO.

Arsenic 43 can be oxidized to arsenic +5 rather easily. The assumption
is made, therafore, that the variability of removal may be caused by some of
the arsenite being oxidized to arsenate during the test runs reculting in
higher removal. The arsenic analyses were performed for total arsenic only
and no attempt was made to determine if the arsenite remained as arsenite
throughout the eatire test runs.

Cadmium

Cadmiur is a divalent cation and very high removals by all RO membranes
were anticipated. The test data confirmed the expected results; the average
percent removal for all wembranes was over 98 pc=-cenc.
Chromium

Chromium is similar to arsenic and selenium in that it has several

oxidation states. In aqueous systexs, the most significant valences are the
trivalent (chromfum +3) and the hexavaleat (chromium +6) forms. Trivalent
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chranium occurs as a cation Cr*d and hexavalent chromjum as an anion 45 as
either chromate (HCrO, /Crca 2) or dichromate (Cr707 ). Both anion forms
are very soluble in water and the formatioan of each is pH dependent. The
chromate ion exists in alkaline water and the dichromate lon in acidic water,

The test data showed excelleat removals for both chromium +3 and chromi-
um +6. Al] membranes achleved bdetter than 96 percent vemoval of both forms
and several membranes averaged 99 percent removal of chronium +3, Therefore,
chromium 1s easily removed by RO regardless of the form found in the water
source.

Copper

A copper test was added to the last study with the Hydranautics membrane
because EPA has proposed that it, along with several other new inorganic
contaminant, be considered for regulation (9). To provide some data, a two
day (6 samples) test was conducted with the Hydranautics membrane. Copper
being a divaleat cation similar to cadmium, lead, and calcium, good removals
were expected. The short test pariod proved this to be true with the average
removal being 97 percent. The conclusion Is, therefore, that if copper is
found in the source water it should be easily removed from drinking water by
reverse osmosise.

Fluoride

The Dupont kngineering Desizn manual states that removal of fluoride and
bicarbonate for their B-~l10 permesators are pH dependent. Their data show
about 50 remcval at pH 5.5 i{ncreasing to about 95 percent rtemoval at about
pH 7,5. The test data “-r rthe five membranes showed a range of removal
average from 83 to 98 percent. The tests program was not designed to evalu-
ate the effect of pH, but because the feed water pH did occasionally vary,
some varjation in pH did happen. Unfortunately, pressure and temperature also
varied making it difficult to determine the effect of pH alone. A review of
the fluoride data obtained showed only the Dow membrane data having a wide
range of pH values (4-7) for feed water and these data do indicate a treand of
increasing removals with increasing pH (Figure 12).

Lead

Lead is a divalent cation aad forms various carbonate and hydroxide
complexes in natural waters. The test data for the five membranes showed
high removals of above 96 percent removal for all wembanes with two of them
averazing 98 percent. The data thus indicated that lead is easily removed
from ground water by reverse osmosis.

Mercury

Mer~ury has three basic oxidation states in aqueous solutfons: (1) the
pure metal, Hg; (2) the monovalent ion (mercurous), HY; and (3) the divalent
fon (mercurlc) Hg Besides forming the common inorganic salts, mercury
has the capacity to form ocrganic complexeb, the most significant being the
very toxi: methylmercury ion, CH3Hg » In water having a pH above 5, the most
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predominant mercury species is metallic mercury, Hg® with a relatively low
solubility. In high chloride concentration waters, the solubility of mercury
increases with the formation of the uncharged complexes of HgCly and Hg(0H)3.
Tests were not designed to evaluate the effect of pH, but because the pH of

the feed water varied to some degree some variation in pH did occur. Unfor-
tuately, pressure and temperature also varied making it difficult to determine
the eff2ct of pH alone,

Another important characterisctic of mercury 1s the tendency of mercury
to adsorb to various materials. In the initfal RO studies when a prefilter
was in line, a decrease in the total mercury content of the water was observed.
After the filter was removed, this decrease was not as great, thereby sugges-
ting that some of the mercury was adsorbing to the filter.

Because of various reasons, data on mercury removal were reported for
only three membranes and this data varied from a low average of 14 percent to
a high of 80 percent. It is difficult to derermine the cause of the variabil-
ity, but based upon the results of other contaminants it is unlikely to be
membrane differences.

Mol ybdenun

A molybdenun test run was added to the study during the last series of
tests with the Hydranautics membrane because molydbenum appeared on the EPA
inorganic list of possible or proposed regulations (9).

Molybdenum 1s a transition metal that can e.ist in oxidation scates froa
2" to 6%. In aqueous solution, molybdenum will occur in various forms depend-
ing on the water canposition and the oxidatiomreduction potential of _the
water. In most natural waters, the most predominant species is Mooh_ .

Although the test data is limited to one membrane, the result of 97
percent removal suggests that molydbenum is easily removed by RO treatment.

Nitrate

Nitrate (NO;,") is a common ground water contaminant and RO information
indicates that it is not highly rejected by most membranes. The test data for
the five membranes showed removal averages from 67 to 9y percent.

Unfortunately, the lack of very tight operating conditions prevents
making any firm conclusion regarding specific meambrane rejection capability.
The genetdl conclusion is that nitrate is not as highly rejected as most
contaminants with rejections in the 65-90 percent range.

The general ii.erature suggests that some of the newer RO membanes may
have a greate. capability to remove nitrate than the older membrane type.
Again, berause of the lack of very tightly controlled conditions, it is
difficult to draw any firu conclusion from this study.
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Nitrite

Because nitrite (NOE) is proposed for consideration as an EPA regulated
contaminant, a nitrite test was added to the last study with the I'ydranautics
meabrane. The very limfited test results (2 days, 4 samples) indicated good
removal. The two day test results showed a Y0-92 percent removal range with
an average removal of 92 percent. The nitrite average of 92 percent was
slightly less than the removal average of 97 percent for nitrate for this
membrane. The operating pressures differed by 1960 kPa (284 psig) (average)
for the nitrate test to 1750 kPa (254) psig (average) for the nitrite study.
Whether this pressure difference is the reason for the difference in removal
is not known.

Radium

Radium is a divalent cation that has chemical and physical properties
siailar to the elements in the alkaline earth metals group - calcium,
magnesium, barium and strontium. Because of radium's simflarity to calcium
and magnesfum (hardness elements), removal of radium by RO should be
similar to the removal of these two elements and, of course, total hardness.

Data exist on the removal of radfum from ground water by full scale RO
systems (10). For this reason and also because of the complexity of radium
analyses, only one day tests were completed on each membrane. The test
data confirm the full scale system results. All systems removed around
96-37 parcent of the naturally occurring radium in the ground water. Fur—
themore, these results were very similar to the removal values reported
for hardness and calciume Thus, RO is considered a good method for radium

removal.
Selenium

Selenijum {s somewhat simllar to arseaic in that selenium has several
oxidation states, but only two are predominant in water: selenium + and
selenium +6. Moreover, like arsenic, selenium occurs as an anion in water
and thus has acid characteristics.

Selenium +4 forms two primary species in water, HSe0, and Se03-2.
At pH 7, the predominant one is the diva{snt Se03- . Selenium +6 forms only
one species, in water, the divalent S5e0, “.

The RO test data showed high removals (95-99 percent) for both selenium
+4 aad selenjum +6 by all membranes. . Consequently, removals are not valence
dependent: both forms are easily removed by RO and the valence is not
important.

Uranium

Uranium occurs as an anion complexer in natural water and the species
that predonminate in the pH range of 7-10 are likely to be the carbonates
foms, U0,(C04), © and U0,(C0O3)3 ~. Because of the high fonic charge, high

49



